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Abstract 
 
Three turquoise minerals of different origins with formula CuAl6(PO4)4(OH)8.4H2O 
have been studied by Raman spectroscopy at 298 and 77 K and by infrared 
spectroscopy.  A comparison of the turquoise spectra is made with the spectra of 
chalcosiderite. The spectra of the three mineral samples are very similar in the 1200 to 
900 cm-1 region but strong differences are observed in the 900 to 100 cm-1 region.  
The effect of substitution of Fe for Al in chalcosiderite shifts the bands to lower 
wavenumbers. Factor group analysis (FGA) implies four OH stretching vibrations for 
both the water and hydroxyl units. Two bands ascribed to water are observed at 3276 
and 3072 cm-1 at 298 K which becomes four bands at 77 K.  Three hydroxyl 
stretching vibrations are observed in the 298 K spectrum and four in the 77 K 
spectrum. Calculations using a Libowitzky type formula show that the hydrogen bond 
distances of the water molecules are 2.735 and 2.665 Å which are considerably shorter 
than the values for the hydroxyl units 2.909, 2.853 and 2.840 Å. Two phosphate 
stretching vibrations at 1066 and 1042 cm-1 in line with the two independent 
phosphate units in the structure of turquoise. Three bands are observed at 1184, 1161 
and 1106 cm-1 assigned to the phosphate antisymmetric stretching vibrations. FGA 
predicts six bands but only 3 are observed due to accidental degeneracy. Both the ν2 
and ν4 bending regions are complex with increased complexity observed in the 77 K 
spectra.  
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Introduction 
 
 The turquoise group of minerals are hydrated basic phosphates based upon the 
formula AB6(PO4)xPO3(OH)2-x(OH)8.4H2O where A is Ca, Cu2+, Fe2+, Zn and B is Al, 
Fe3+ or Cr3+ [1].  The minerals have been known for an extended period of time [2-6]. 
From an early time the crystal structure has been explored [7-10].  The minerals are 
triclinic as is shown in Fig. 1. Cid-Dresdner showed the crystal structure of turquoise, 
CuAl6(PO4)4(OH)8.4H2O, consists of zig-zag chains of Al octahedra running in the 
direction of the b axis and sharing corners with each other and with P tetrahedra. The 
Cu is in distorted octahedral coordination, sharing 4 edges with 4 Al octahedra (Fig. 
1).  Turquoise is the Al end member and Fe the end member is chalcosiderite.   
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 The amount of published data on the Raman spectra of mineral phosphates is 
limited [11-15]. There has been almost no published spectra on the turquoise mineral 
group [16-18].  The Raman spectra of the hydrated hydroxy phosphate minerals have 
not been reported. In aqueous systems, Raman spectra of phosphate oxyanions show a 
symmetric stretching mode (ν1) at 938 cm-1, the antisymmetric stretching mode (ν3) at 
1017 cm-1, the symmetric bending mode (ν2) at 420 cm-1 and the ν4 mode at 567 cm-1 
[13, 14, 19]. S.D. Ross in Farmer (1974) (page 404) listed some well-known minerals 
containing phosphate which were either hydrated or hydroxylated or both [20]. The 
value for the ν1 symmetric stretching vibration of PO4 units as determined by infrared 
spectroscopy was given as 930 cm-1 (augelite), 940 cm-1 (wavellite), 970 cm-1 
(rockbridgeite), 995 cm-1 (dufrenite) and 965 cm-1 (beraunite). The position of the 
symmetric stretching vibration is mineral dependent and a function of the cation and 
crystal structure. The fact that the symmetric stretching mode is observed in the 
infrared spectrum affirms a reduction in symmetry of the PO4 units.   
 
The value for the ν2 symmetric bending vibrations of PO4 units as determined 
by infrared spectroscopy was given as 438 cm-1 (augelite), 452 cm-1 (wavellite), 440 
and 415 cm-1 (rockbridgeite), 455, 435 and 415 cm-1 (dufrenite) and 470 and 450 cm-1 
(beraunite). The observation of multiple bending modes provides an indication of 
symmetry reduction of the PO4 units. This symmetry reduction is also observed 
through the ν3 antisymmetric stretching vibrations. Augelite shows infrared bands at 
1205, 1155, 1079 and 1015 cm-1; wavellite at 1145, 1102, 1062 and 1025 cm-1; 
rockbridgeite at 1145, 1060 and 1030 cm-1; dufrenite at 1135, 1070 and 1032 cm-1; 
beraunite at 1150, 1100, 1076 and 1035 cm-1. Some Raman spectra have been 
published [21, 22]. The studies of the synthetic newberyite showed bands at 398 cm-1 
assigned to the ν2 bending mode and at 554 and 509 cm-1 corresponding to the ν4 
bending modes [23, 24].    
 
Raman spectroscopy has proven most useful for the study of mineral structure 
[25-33].  The detailed comparative Raman spectra of the minerals turquoise and 
chalcosiderite have not been published.  The objective of this research is to report the 
Raman and infrared spectra of turquoise and chalcosiderite and to relate the spectra to 
the mineral structure.  
 
Experimental 
 
Minerals 
 
 The minerals used in this work are listed in Table 1 and were obtained from 
museum Victoria. The minerals were analysed by SEM with EDAX for composition 
and by XRD for phase analysis. 
Raman spectroscopy 
 
The crystals of turquoise were placed on the stage of an Olympus BHSM 
microscope, equipped with 10x and 50x objectives and part of a Renishaw 1000 
Raman microscope system, which also includes a monochromator, a filter system and 
a Charge Coupled Device (CCD). Raman spectra were excited by a HeNe laser (633 
nm) at a resolution of 2 cm-1 in the range between 100 and 4000 cm-1.  Repeated 
acquisition using the highest magnification was accumulated to improve the signal to 
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noise ratio. Spectra were calibrated using the 520.5 cm-1 line of a silicon wafer. In 
order to ensure that the correct spectra are obtained, the incident excitation radiation 
was scrambled.  Previous studies by the authors provide more details of the 
experimental technique. Spectra at liquid nitrogen temperature were obtained using a 
Linkam thermal stage (Scientific Instruments Ltd, Waterfield, Surrey, England).  
Details of the technique have been published by the authors [34-37]. 
 
Infrared Spectroscopy 
 
Infrared spectra were obtained using a Nicolet Nexus 870 FTIR spectrometer 
with a smart endurance single bounce diamond ATR cell. Spectra over the 4000−550 
cm-1 range were obtained by the co-addition of 64 scans with a resolution of 4 cm-1 
and a mirror velocity of 0.6329 cm/s. Spectral manipulation such as baseline 
adjustment, smoothing and normalisation was performed using the GRAMS® 
software package (Galactic Industries Corporation, Salem, NH, USA).  
Results and Discussion 
 
Factor Group analysis 
 
 The factor group analysis for turquoise and related minerals is given in Tables 
2 and 3.  In the structure of turquoise there are two non-equivalent phosphate, two 
non-equivalent water units and four non-equivalent OH units.   This may be observed 
in the structure as shown in Fig. 1. Thus there are two distinct sets of water and 
phosphate vibrations. The lattice vibrations are represented as Γ = 57Au + 57Ag. 
There are 36 internal phosphate vibrations and 12 internal water vibrations which 
make a total of 162 crystal vibrations, i.e. [CuAl6(PO4)4 (OH)8.4H2O]  N=55 thus 3n-
3 = 3*55-3 = 162 vibrations. For each hydroxyl there is one Raman active and one 
infrared active vibration. Thus four bands should be observed in both the Raman and 
infrared spectra in the OH stretching region.  
 
Raman Spectroscopy of the 1200 to 900 cm-1 region 
 
 The spectra of turquoise [CuAl6(PO4)4(OH)8.4H2O] and chalcosiderite 
[CuFe6(PO4)4(OH)8.4H2O] depend on the subunits in the structure, namely the 
phosphate units, the water units and the hydroxyl units. Each of these units will show 
vibrational bands in both the Raman and infrared spectra.  Some overlap of bands of 
the water and OH units may occur.  The spectral window of the 1200 to 900 cm-1 is 
the region where the phosphate stretching bands are found. The Raman spectra in the 
1200 to 900 cm-1 region of turquoise and chalcosiderite at 298 and 77 K are shown in 
Fig. 2a and 2b. The infrared spectrum in the 1200 to 600 cm-1 region of turquoise is 
shown in Fig. 2c.  
 
 The first observations are the Raman spectra of the three turquoise minerals 
are very similar but some variation in the intensities of the bands is observed. 
Secondly the spectra of chalcosiderite resemble that of turquoise but the bands are 
displaced to lower wavenumbers. In the structure of turquoise there are two distinct 
phosphate units. This means that there should be two separate phosphate stretching 
vibrations. These are observed at 1066 and 1042 cm-1 (Arizona Turquoise) 1064 and 
1041 cm-1 (Senegal turquoise) and 1065 and 1042 cm-1 (Virginia turquoise).  Upon 
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cooling the mineral samples to 77 K the bands shift to higher wavenumbers. For the 
Virginia turquoise the bands are observed at 1068 and 1043 cm-1.  For the mineral 
chalcosiderite the phosphate symmetric stretching modes are observed at 1054 and 
1037 cm-1 (298 K) and 1055 and 1036 cm-1 (77 K). The replacement of Al (turquoise) 
by Fe (chalcosiderite) in the structure causes a shift to lower wavenumbers.  The 
infrared spectra in the 1200 to 900 cm-1 region are complex and a set of overlapping 
bands are observed (Fig. 2c). Some variations in the infrared spectra of the turquoises 
are observed in this region. It is difficult to assign bands because of the overlap of the 
bands.  
 
 Factor group analysis predicts there should 6 Raman and 6 infrared bands, 3 
from each of the two independent phosphate units. In the Raman spectrum of the 
turquoise from Arizona, three bands are observed at 298 K at 1184, 1161 and 1106 
cm-1.  These bands are assigned to the antisymmetric stretching vibrations. For the 
turquoise from Senegal, the bands are observed at 1182, 1161 and 1104 cm-1. The 
bands appear better separated in the spectra at 77 K. Six bands are not observed and 
this is attributed to accidental degeneracy. The two sets of Raman bands from the two 
independent phosphate units overlap. In the infrared spectrum the three higher 
wavenumber bands at 1195, 1161 and 1109 cm-1 are ascribed to the ν3 antisymmetric 
stretching vibrations.   For the turquoise from Virginia the bands are observed at 
1192, 1154 and 1100 cm-1.  If this attribution is accepted it means the next two bands 
at 1008 and 992 are the infrared symmetric stretching modes of the two phosphate 
units. For the mineral chalcosiderite the three bands are not observed even at 77 K. 
Three bands are observed at 1128, 1104 and 1085 cm-1. However there is considerable 
overlap of the bands and the intensity of the antisymmetric stretching vibrations in the 
Raman spectra are of a very low intensity.  In the 77 K spectrum of chalcosiderite a 
number of low intensity overlapping bands centred around 1105 cm-1 are observed. 
The fact that 6 bands are not observed is attributed to accidental degeneracy.   A band 
is observed in the Raman spectrum at around 985 cm-1. The assignment of this band is 
open to question. There are two possibilities (a) a phosphate symmetric stretching 
mode and (b) a hydroxyl deformation mode. In the light of the previous assignment of 
the higher wavenumber bands the latter assignment is preferred.  
 
Raman Spectroscopy of the 900 to 100 cm-1 region 
 
 The low wavenumber region of the Raman spectra of the three turquoise 
samples and chalcosiderite are shown in Fig. 3a and 3b.  Whilst the Raman spectra in 
the 1200 to 900 cm-1 region of the three turquoise samples are similar, the spectra in 
this region are different. The spectrum of chalcosiderite in this region is also 
considerably different.  For the turquoise from Virginia an intense band is observed at 
814 cm-1 with a second band at 799 cm-1. The bands are attributed to water librational 
modes. Upon cooling to 77 K the bands shift to higher wavenumbers and two bands 
are observed at 818 and 806 cm-1. A third component is observed at 833 cm-1.  
According to the factor group analysis there should be two sets of water bands. This is 
confirmed by the experiment in that two water librational modes are observed.  For 
the turquoise mineral from Arizona, only a single band is found at 814 cm-1.  It is 
probable that accidental degeneracy causes the two bands to be in identical positions. 
At 77 K this degeneracy is removed and two bands are observed at 823 and 808 cm-1.  
In the infrared spectra two well resolved bands are observed at 836 and 786 cm-1 
(Arizona), 835 and 790 cm-1 (Senegal) and 835 and 783 cm-1 (Virginia).  The bands 
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are common in the infrared spectra of the three turquoise mineral samples. For 
chalcosiderite the band is observed at 783 (298 K) and at 785 and 745 cm-1 at 77 K.  
 
 The spectra of turquoise in the 700 to 500 cm-1 are complex with a significant 
number of overlapping bands.  This spectral region is where the ν4 phosphate bending 
modes are expected.  For the Arizona turquoise Raman bands are observed at 643, 
593, 570 and 550 cm-1.   The results of FGA show that at least two bending modes 
would be found. Thus these four bands are assigned to the ν4 bending modes.  The 
Raman spectra of this region are even more complex when the spectra are obtained at 
77 K. The data in Table 4 reports bands at 664, 650, 637, 612, 596, 570, 560, 554 and 
540 cm-1.  The spectral pattern for the Senegal turquoise resembles that of the Arizona 
turquoise. Raman bands attributed to the ν4 bending modes for this sample are 
observed at 641, 592, 571, 548 and 511 cm-1.  Five band separated peaks are observed 
at 652, 618, 595, 571 and 554 cm-1.  For the Virginia turquoise Raman bands assigned 
to the ν4 bending mode are observed at 644, 637 593, 551, 506 and 486 cm-1 at 298 K.  
The spectral pattern in the ν4 region for the chalcosiderite is shifted to lower 
wavenumbers. At 298 K bands are observed at 610, 586, 561, 528 and 489 cm-1.  
These bands shift to 615, 571, 564, 545, 530, 511 and 487 cm-1.   The number of 
bands in this spectral region confirms the existence of two non-equivalent phosphate 
units and the loss of degeneracy of the bending modes. 
 
 The next spectral region is from around 500 to 400 cm-1 where the phosphate 
ν2 bending modes are expected.  Raman bands for the Arizona turquoise are observed 
at 492, 471, 437 and 417 cm-1.  Upon cooling to 77 K the bands are observed at 501, 
475, 441, and 420 cm-1.  The band shows a blue shift upon cooling to 77 K.  The 
number of bands and their intensity for the turquoise minerals varies between the 
samples. For the turquoise from Senegal, Raman bands are observed at 484, 468, 439 
and 419 cm-1 at 298 K and 487, 474, 440 and 425 cm-1 at 77 K. For the chalcosiderite 
mineral two strong bands are observed at 445 and 397 cm-1 (298 K) and 443 and 393 
cm-1 (77 K). These bands are also assigned to the ν2 bending modes.  Intense Raman 
bands are observed in the region centred upon 330 cm-1. Bands in this spectral region 
may be assigned to CuO stretching vibrations.  Bands are found at 336 cm-1 (Arizona) 
334 cm-1 (Senegal) 339 cm-1 (Virginia).  The bands appear to split into a number of 
component bands at 77 K. It is probable that the CuO bonds are differentiated at 77 K. 
For chalcosiderite the bands are observed at 328 cm-1 (298 K) and 308 cm-1 (77 K).  
Intense bands are also observed at around 235 cm-1.  For chalcosiderite the band is 
found at 234 cm-1 (298 K) and 237 cm-1 (77 K).  
 
Raman Spectroscopy of the 3800 to 2600 cm-1 region 
 
 This spectral region is where the OH stretching bands are observed. One of the 
difficulties that may be predicted is the potential overlap between the OH stretching 
vibrations of the OH units and the water units. The Raman spectra of turquoise and 
chalcosiderite in this spectral region are shown in Fig. 4a (298 K) and 4b (77 K).  The 
FTIR spectra are reported in Fig. 4c.   FGA predicts two independent water units and 
four OH units. The vibrational modes are both Raman and infrared active. Thus it is 
predicted that there should be a four OH symmetric stretching vibrations from the OH 
units and two from the water units.  The Raman spectra at 298 and 77 K between 
3800 and 2600 cm-1 may be subdivided into two spectral regions (a) 3400 to 2600  
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cm-1 and (b) 3800 to 3400 cm-1.  The first spectral region is where the water OH 
stretching bands are observed and the second region is where the OH stretching bands 
of the hydroxyl units. Two bands are observed at 3276 and 3072 cm-1 for the Virginia 
turquoise sample.  These bands are attributed to the water OH stretching vibrations of 
the two independent water units in the turquoise structure. The spectra show increased 
complexity in this spectral region at 77 K. Four bands are observed at 3256, 3231, 
3065 and 3060 cm-1.   In the infrared spectrum of the Virginia turquoise three intense 
bands are observed at 3267, 3058 and 2919 cm-1.   
 
For the turquoise from Senegal, two intense bands are observed at 3289 and 
3094 cm-1 (298 K) and 3239 and 3077 cm-1 (77 K). The infrared spectrum of this 
sample shows greater complexity with infrared bands observed at 3280, 3266, 3076 
3069 and 2925 cm-1.  For the turquoise from Arizona, Raman bands are observed at 
3274 and 3075 cm-1 which shifts to 3250 and 3073 cm-1.  The effect of the reduction 
in temperature from 298 to 77 K causes the bands ascribed to water stretching 
vibrations to shift to lower wavenumbers. This means that the hydrogen bonds have 
increased strength. Infrared bands are observed at 3281 and 3068 cm-1.   
Studies have shown a strong correlation between OH stretching frequencies and both 
O…O bond distances and H…O hydrogen bond distances [38-41]. Libowitzky (1999) 
showed that a regression function can be employed relating the hydroxyl stretching 
frequencies with regression coefficients better than 0.96 using infrared spectroscopy 
[42]. The function is described as: ν1 = 1321.0
)(
109)3043592(
OOd −−
×− cm-1. Thus OH---O 
hydrogen bond distances may be calculated using the Libowitzky empirical function.  
The values of 3281 and 3068 cm-1 give hydrogen bond distances of 2.735 and 2.665 Å.  
The estimated hydrogen bond distances are difficult to obtain from X-ray diffraction. 
Values can be obtained from neutron diffraction studies but such studies of minerals 
are rare.  Hydrogen positions may be inferred from difference plots in XRD studies.   
 
 Factor group analysis predicts four hydroxyl unit OH stretching bands. Three 
bands are observed at 3502, 3473, and 3450 cm-1 with an additional broad band at 
3441 cm-1. For the turquoise from Arizona at 77 K the bands are observed at 3491, 
3477 and 3444 cm-1. The fact that only three bands are observed suggests that 
accidental degeneracy occurs. The band at 3502 cm-1 is broad may be in fact represent 
the overlap of two narrowly separated bands. In the Raman spectrum of turquoise 
from Senegal, four bands are observed at 3507, 3472, 3462 and 348 cm-1.  These 
bands are more readily observed in the spectrum at 77 K. Bands are found at 3500, 
3476, 3466 and 3441 cm-1.  The Raman spectrum of the turquoise from Virginia 
resembles the spectrum of the Arizona turquoise. Three bands are observed in the 298 
K spectrum at 3499, 3474, 3451 cm-1 and at 3492, 3482, 3477 and 3457 cm-1 in the 77 
K spectrum. In the Raman spectra of turquoise three bands are observed in the OH 
stretching region assigned to the OH units. Similarly three bands are observed in the 
infrared spectra. In the infrared spectra of the turquoise, bands are observed at 3509, 
3465 and 3455 cm-1.  The bands are in the similar positions for all three minerals.  For 
the mineral chalcosiderite four Raman bands are observed at 3454, 3422, 3369, 3331 
cm-1 at 298 K and at 3455, 3425, 3409, 3354 cm-1 at 77 K. For this mineral the four 
bands as predicted by FGA are observed.  Calculations using the bands at 3509, 3465 
and 3455 cm-1 give hydrogen bond distances of 2.909, 2.853 and 2.840 Å.  The 
hydrogen bond distances involving the OH units are longer than those involving the 
water units.   
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Conclusions 
 
 A suite of turquoise minerals from different origins were analysed by Raman 
spectroscopy at 298 and 77 K.  The Raman spectra were complimented with infrared 
spectra. The spectra were related to the structure of the mineral.  A comparison 
between the spectra of turquoise and chalcosiderite was made.  The minerals have two 
independent phosphate units in the unit cell. This results in increased complexity in 
the spectra resulting in doubling of many of the characteristic phosphate bands.  The 
spectra of the turquoise from different localities are subtly different. This difference 
may result from minor substitutions.  
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Mineral Formula Location 
Turquoise CuAl6(PO4)4(OH)8•5H2O Lynch Station, 
Virginia 
Turquoise with 
Senegalite 
CuAl6(PO4)4(OH)8•5H2O Kouroudaiko mine, 
Faleme River, Senegal 
Turquoise CuAl6(PO4)4(OH)8•5H2O Lavender Pit, Bisbee, 
Cochise County, 
Arizona 
Chalcosiderite CuFe6(PO4)4(OH)8•5H2O Wheal Phoenix, near 
Liskeard, Cornwall, 
England 
 
Table 1. Origin and formula of the turquoise minerals 
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Table 2. Factor group analysis of 2x PO43- vibrations 
 
Td C1 Ci 
A1 
E 
2T2 
 
9A 
9Ag 
 
9Au 
 
Table 3. Factor group analysis of 2x H2O vibrations 
 
C2v C1 Ci 
2A1 
B2 
3A 3Ag 
3Au 
 
Lattice vibrations 
Γ = 57Au + 57Ag 
Internal PO43- vibrations  = 36 
Internal H2O vibrations    = 12 
Lattice vibrations             = 114 
Total vibrations                = 162 
 
N= 55 -----CuAl6(PO4)4 (OH)8.4H2O 
3n-3 = 3*55-3  
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Fig. 1.
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Fig. 2a. 
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Fig. 2b. 
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Fig. 2c.
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Fig. 3a. 
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Fig. 3b.
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Fig. 4a. 
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Fig. 4b. 
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Fig. 4c. 
